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SUMMARY

A method of measuring foaming volume is described and investigated
to establish the critical factors in its opsration. Data on foaming
volumes and foam stabilities are given for a series of hydrocarbons and
for a range of concentrastions of agueous e'bhylene—glycol solutions.

It 1s shown that the amount of fosm formed depends on the machinery
of its production as well ag on properties of the liquid; whereas the
stability of the foam produced, within specified mschanical limitations,

is primerily a function of the liquid. _ e —— — -

INTRODUCTION

In a series of recent papers (references 1, 2, and 3) the determi-
nation of the stebility of foams has been analyzed and shcwn to depend
on a complex of subsidiary effects, each of which influences the meas-
ured result in an unpredictable way. The average lifetime of ges in the
foam is found to depend on liquid viscosity, limiting foam density?,
bubble size, and foam height; the drainage rate of liquid from the foa.m
depends on bulk and surface viscosities, bubble size, and rate and mammer
of bubble coslescence. It therefore becomes & question, if the measured
stability of a foam can be so freed from the influsnce of unconirollable
factors as to reflect truly an intrineic property of the liquid. Attempts
to answer this question gradually have increased the number of experimen-
tal precautions on methods of measuring foam stabilities, as the complex
of subsidiary factors has been revealed. These factors are of two types.

llLimiting foam density, density of a fully drained foam, 1s obtained
by plotting the changing weight of a foam that is being allowed to drain
divided by the corresponding volumes (that is, the mean density from
time to time) against the volume of ligquid remaining in the foam, and
extrapolating to zero volume of ligquid. This is the final density at
which the last remaining films dbreak, and hence may be regarded as the
foam density at which the films become unstable.
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Some are themselves intrinsic properties of the liquid, such as bulk vie-
coslty, surface viscosity, the minimum thickness of liquid film defore
film rupture, liquid density, and so forth. As they are propertles per-
menently assoclated with the liguid, their influence on the foam stabil-
ity, while it may be traced, is not an external or fortuitous circum-
stance but is characteristic of the liguid and should be ellowed to oper-
ate freely on the foam stability.

There are other factors which affect foam stebility but are inde-
pendent of the liquid itself. It ie the reocognition of these factors,
the isolating of their specific effect on stability, and their control in
methods of foam measurement that is the object of the present paper.

It has been pointed out (reference 4) that ease of foam formetion,
foaming volume, and the stability of the foam that is formed are proper-
ties that do not necessarily have any direct relation, Most writers om
the subJect have confined thelr attention to the mesasurement of stabil-
ity. The limitations of this viewpoint have been referred to recemtly in
& paper by Gray and Stone (reference 5), who emphasize that foam stabil-
ity meassurements should be taken in conjunction with measuremente of foam
density. It ile easily recognized that initiel foam densities, as measured
by Gray and Stone, also measure amounts of foam formed in cases where the
same starting volumes of liguild are used, under their stated conditions
where none of the air escepes. '

The present paper adduces further evidence to show the relation be-
tween foam stability end foam volume and to deteyrmine the conditions
under which foaminess may be accounted a property only of the liquid,
independent of the fortuitous mechanical conditions attendant on_ite
productlion. .

This investigation, conducted at Stanford University, was aponsgorsd
by and conducted with the finenclal assistance of the National Advisory
Committee for Aeromautics.

' METEODS

Foam stabilities.- The bubbling method at elevated temperatures,
using a porous ball or sintered glass plate, has already been reported
(reference 1). The method commonly used at rocm temperatures with vig-
cous liquids, such as lubricating oills, consists in producing the foam
by beating and observing the rate of collapse of a specified initial
amount of foam in a graduated dylinder. Both methods already have been
described and compared (reference 1).
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Foaming volumeg.- The average specific gravity of lubricating olls
is 0.88; in order to obtain 100 cubic centimeters it is convenient to
welgh out 88 grams of oil into the emaller container of a commercial
electric mixer with two revolving whips as in an egg beater. This sample
is stirred for not less than 3 minutes at the top speed of the instru-
ment. After stirring, the whips are removed and 15 seconds after beating
exactly 100 cubic centimeters of the foam is transferred to a graduasted
c¢ylinder of which the weight already has been determined. The cylinder
and its contents are weighed, the difference teing the weight of 100
cubic centimeters of foam. As 100 cubic centimeters of oil weighs 88
gramg, the weight of 100 cubic centimeters of foam will be less than 88
8rems; the difference 1s due to the loss of oil adlsplaced by the air.
This difference in weight can be converted to the corresponding volume of
air in the foam by dividing by the specific gravity of the liquid.  The
result thus obtained is the percentage of air entrapped in the foam and,
where all the liquid has been transformed into foam of uniform demsity,
can be menipulated mathematically to measure the emount of foam that can
be formed under the conditions of the test.

INVESTIGATION OF THE METHOD USED TO OBSERVE FOAMING VOLUMES

Folloging the directions specified previously and at a tempersturs
of 25+ 1° C, values for a certain oll, selected as standard, range frcm
51.1 to 51.7 cublc centimeters of air per 100 cubic centimeters of total
0il and foam. Variations in the specifications of the method were stud-
1ed under the Tollowling heads:

() Variation of the length of time of beating
(v) Variation of the interval elapsed after beating, before pouriné

(¢) Variation in the depth of immersion of the blades (i.e., initial
volume of sample)

(4) Variation in the speed of beating
(e) Varietion in the degres of previous aeration of the oil sample

ALl thgse tests were performed on the same oll, at temperatures of
25 £ 1”7 C, and the results are given in table I.

Table I reveals the factors important for reproduction of results
by this test. With lubricating oil samples of viscosity SAE €0, the foam
remains homogeneous after beating at rocm temperature for a period of
greater than 60 seconds; hence slight variatione in the time elapsed be-
fore pouring it into the measuring cylinder will not affect the result.
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VaFrlations in the time of beating at top speed (setting 10) do not-
affect the fingl amount of air entrained in the oll; hence an squilibrium
can be presumed to be sstablished in the whipping process. At lower
speeds of whipping, this equilibrium value or gteady state shifts in the
directlon of the entrainment. of more ailr than at +the highest speed. The
difference in entrainment at different speeds of-whipping is not great
but nevertheless shows that the more rapidly moving perts actually break
up the foam to a certain extent. Indeed,the direct test in which a more
voluminous foam, previously formed by dbubbling, was beaten shcwed that
the volume was reduced to the same equilibrium value or steady state.

The degree of immersion of the blades in the seample is a critical
factor: +the greater the immersion the more air that can be entrapped in
the finsl foam. For this reasmon, the pert of the specification that re-
guires the greatest attention is the weighing out of the amount of samplie
takén. Foxr the same reagon, identical vessels should be used for all the
vhipping tests to ensure the same degree of immersmon of the blades
throughout.

This test has been used not only to characterize various existing
liquids but also to test the effect of anbifcaming agents.

. RESULTS

In.table II the stabllities of foams formed by the beating .method
at room temperature are compared with the amount of Ffoam produced under
the same conditions for a series of olls, The foam stability is ex-—
pressed as L (average 1ife of the gas in the foam in minutes); the
volume percentage of air in the foam is given as an indirect expression
of the foaming volume. 411 the semples are available brands of lubricat-
ing oil. 0Oils 9 and 10 clearly contain agents that prolong the stabillty
of the foam but have no effect on the foaming volume. :

Another type of comparison was made using mixtures of water and
ethylene glycol. It was found that solutions varied in _their Ffoaming
properties with different samples of ethylene glycol, which wes therefors
distilled under reduced pressure as-& preliminary measure. When purified,
the foaming volume of ethylene glycol in aqueous solutions is always
lower than when the materiasl i1s used directlyw Ethylene glycol aloms,
like all pure liquids, does not foam.

The foaming tests were conducted at 27° C using a bubble-type foam
meter (reference 1). Each test was made at an air pressure of 6.25 centi-
meters of mercury, the air bubbled in through = Cenco gas diffusing stone
and the liquid foamed until it reached ite maximum height. Both the
height of foam and the time of its total collapse were cbserved. Figure 1
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shows the variation of foeming volume with concentration, snd figure 2
shows the variation of foam stebility (time for total collapse) with con-
centration. At a concentration of 20-percent ethylene glycol a phenome-
non was noted that d4id not appear at any of the ‘other concentratioms.
Foaming the seme solution repeatedly with only & few minutes interval be-
tween each test, resulted in e notable decrease of the amount of foam
formed. After three foemings, & steady'state is reached. This concen-,
tration 1s close to the optimm for amount and stebility of foam end re-
peated foamings of a 20-percent solution alter the height of the maximum ~
of the curve, as shown in both figures 1 and 2.

When foaming volume teste on these solutions were made by the 'be‘a'b-
ing method describefl,” it was discovered that no foam could be formed by
beating, not even for the optimum 20-percent’ ethylene—glycol golution,
According to this test, therefore, solutions of ethylene glycol would ap-
?‘ear t6 have no foa.ming proper’cies, whereas bubbling produces copious

oam,

DISCUSSION

v . . [ e =

Foa.m Stability

’

Static methods of 1’11ea.S'tz:c':lngrL foam In static. methods, foam a.J_rea.dy
formed is allowed to drain and break undisturbed while it is being ob-
served. Units of foam stability, Lg and L3i, have been defined pre-
viously (rsference 3) These units represent the average life of gas and
of 1iguid in the foam. They are therefore a trus. measure of the stability
of the foam although of course by themsélves they tell nothing of the ex-
tent to which the measui'éd sta.'bility depends on :f‘a.ctors exSernal to the
foaming liquigd. '

The mathematical functions by.which Lg and I) are defined are:

g7 =%-[ % av - o (2)*
(o] .

iThe equa.tions in reference 3 ha.ve the limits reversed. They are
here correctly printed.
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where V and G are the volumes of liquid and gas, respectively, in the
foam at time %, and Vo and Go are the corresponding volumes at
t = 0. . '

These expressions by themselves provide no information gbout the na-
ture of the functions. It has been found necessary to supplement them
with a mechenical model of a foam in the process of rupture. This model
(reference 1) leads to the result that Ig 1s proportional to three
factors: +the initial height of the fosm, the viscosity of the liguid,
and a complex function of the minimum £ilm thickness and bubble size.

Of these factors, the last two are largely characteristic properties of
the liquid but the first one is wholly an external factor that can vary
independently of the liquid. Some experimental verification of this
model has been published (reference 1); further verification is provided
by an unpublished series of experiments conducted by Mr. W. W. Woods.

The collepse of egual heights of the same foem were observed in tubes of
different cross-sectional area, and the values ?f Lg were found to be
identical. s

The oconclusion tc be drawn £¥dm these results is that the rate of
film rupture depends primarily on the cross-sectional area of the exposged
foem. This is inherent also in the assumptions on which the foam model
wag congtructed. When foam stability is based on measurements of volume
or height, therefore, constant cross-sectional area should be preserved
from one method to another.

Considering now that the foam 1s held always in tubtes of the same
cross-sectlional area, the effect of varying the volume of foam is to be
taken into account. According to the fosm model of Brady and Ross
(reference 1, equation (19)), increasing the volume of foam increases
the value of the initial. foam height proportionslly and Ly varies ac-
cordingly; Lg is thus seen to be an extensive property of s foam,
varying directly with the amount taken (held always in tubes of constant
cross section). : :

Here it must be recalled thet the foam model on which these conclu-
sions are based can be regarded only ag a first approximation to & real
foam. In the model it is supposed that the rate at which gas is escaping
from the foam is constent (4G/dt i1e constent). But it is only in par-
ticular cases that - 4G/dt is comgtant for static fosms. It happens to
be so for some hydrocarbon oils, as can be seen from figures 2 and 3 of
the paper by Brady and Ross (reference 1); but figure & of the same paper
shows an exemple where dG/dt varies continually during the lifetime of
the foam. In the former case, by using the function Lg/y ho, where yp
ie the kinematlc viecogity of the liquid and hpo is the inttial foam
height, a correlation between different methods and between different
determinations by the same method could be obtained independently of the
value of Gy 1in each experimemt. But in other situations the function
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Lg/s bo will not .operate, as it does in the particular case of constant
dG/dt, +to give a foam stability unit independent of the initial amount
of foam. Hence comparisons of the same foeming liguid by different foam-
ing methods, or different liquids by the same method, should always be
made with the same initlal volumes of gas in the foam with the unit ILg
used. Such comparisons cannot obherwlse be expected to provide informa-
tion relative solely to the respective foaming properties of the liquid.
In this respect, foam stability is like all extensive properties of maf-
ter, which must be referred to a constant amount before comparisons can
be made between different substances. The beating method described by
Bredy end Ross (reference 1) takes account of this by beginning always
with 500 cubic centimeters of foam, and so is a useful method for direct
comparisons of foam stebllities. (See table I.)

‘The nature of the function Lg by which foam stability is ex-
bressed dces not readily permit the use of terms such as Specific Fosm
Stability or Molar Foam Stability, because in the general case no simple
relation exists between the stabillties of foam containing 1 mole of gas
end half the amount of the same foam, Only when the gas escapes from
the foam at a constant rate is the etability in the latter case half of
whet it is in the former.l

*Equation (1) can be written

ngg:-of m ¢ at " (3)

For a constent value of mn,

Lg = & [ t as

2 : . e

=—Eo

where m = dG/dt.

where m is comstant, m = dG/dt = -Go/T; therefare
= X
Lg 3

where T 1is the time required for total collapse of the foam.

The average length of time that ges stays in the foam is expressed
by Lg. If the gag is lost at & constant rate, then twice the initial
amount of gas will have twice the stability; if the initial amount of ges
is the pame, then twice the rate of loss of gas will reduce Lg to half
ite first value. .
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The difficulty of determining foam stabllity is further Increased by
the influence that-the mechanical devices for producing fosm may nave on
the characteristics of the foam produced. Cages .can readily be found
where the stabllity of the foam depends on the mode of its formation. In
certain nonagueocus foams formed by reducing the pressure, the fcams ini-
.tlally formed are stable until. the films are stretched too far by further
. evacuation, whereupon they collapee. In foems produced by the bubbling
method, when the rate of air flow is allowed to vary cutelde certain pre-
determined limits which for some liquids may be very narrcw, the alr
escapes rapldly from the liqu*d by means of channels plowed forcibly
through the foam by the blast or by larger bubbleg. Rapid bubbling may
also cause coalescence on the porous glass bubbler, leading to such
larger bubbles. Any mechanical condition that leads to the production
of lerge bubbles will decrease the value of foam stability. Mechanical
arrangements for producing foem must, therefore, first be investigated
to ascertain if for a given liquid the foam.produced is intrinsically of-
the same character, especially with respect to size of bubbles, as that
produced from the same liguid by other methods before comparigon of foam
stabllities by different methods can be undertaken. If very fine bubbles
are produced by one method (e.g., beating),the bubbles may be allcwed to
segregate and coalesce to a comparable size beforse the measutrement is _
begun; but ifvery large bubbles are produced it is doudbtPul whether
measurements on such a foam will be found to yileld any correlation. This,
therefore, 1s the nature of the limitation irmposed by the mechanical con-
ditions on comparisons of stabilities of fosms produced by different meth-
ods or by the same method under different conditions.

The specific manner in which this limitation beccmes evident will
vary from one method to another end mey, in some ingtances, be relatively
obscure. Within the fremework of these limitatlons, however, the stabil-
ities of fosms produced by very different mechanical methods have been
shown to give values capgble of .a high degree of correlation (reference 1).

Dynamic wmethods of measuring foam stability.- In dynamic methods, the
foem is observed while 1t is being formed or replaced. It is a fundamen-
tal condition of Bikermen's dynemic foam meter (reference 6) and the dy-
namic foam meter of Hoffmann and Peéters (reference 7) that an equilibrium
or steady state betwesen formation and collapse be esgtablished, whereby the
volume of foam formed depends only on the two rates of formation and col-
lepse. With g constant rate of formation 6f bubblos of definite size by
injJection of air the calculation of foam stability is based in the measure-
went of the volume of foam formed at the steady state.

This is borne out by the present date for ethylene-glycol solutions.
In figure 1, the rate of air flow is the seme for all the tests. The
maximum height of foem 1s therefore directly proportional.to the unit of-

foam stability- ;: .as defined originally by Bikerman (reierence 6)
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where V i1s the volume of foam, v 1s the volume of air injected in
time t, and r is the vate of air flow (r = v/t).

The parallelism between figures 1 and 2 ghows the essentlal validity
of Bikermen's unit as a unit of foam stability provided the rate of bub-
bling is kept sultebly uniform. Although the measurements refer to the
amount of foam produced, they bear a general resemblance to direct obgser-
vations of foam stabllity, measured by tke tims for total collapse of the
foam. Flgure 1 is essentially derived from a dynemic foam-ptability
method and figure 2 from a static foem-stability method. Other examples
of general agreement between the results of static and dyneamic foam msas-
urements have been published (reference 1). They are all illustrations
of & proportionality between Foaming volume and foam stability.

In the bubbling methods, static or dynamic, vresults should remain
reproducible with varying rates of air flow, all other things being
equal, only as long as an increase in air flow produces no effect other
than e corresponding increase in the rate of bubble formation. As sodn
as it also causes any change in the bubble size or foem density, the
results for foam stability are altered. For many liguids the rangs in
variation in permissible rateg of air flow ls narrow and retes of flow
outside these limlts will produce conflicting results. The criticiem of
the dynamic foam meter by Hazlehurst and Neville (reference 8), on tke
grounds thet different rates of air flow ceaused the foam stabilities of
their solutions to fall in different orders, points out a generic weak-
ness of this instrument, which can he overcome only by a preliminary in-
vestigation to discover those rates of air flow that affect only the rate
of foam formation without changing the size distributicn of the bubbles.
Some of this difficulty may be removed by using & series of inlet tubes
of known dismeter for the injection of air into the liquid, as has been
done by Ostweld end Mischke (reference 9).

The measured foam stebility depends on a complex of factors, some
of them determined by conditione externmel to the foam and scme by innate
propérties of the liquid or the liquid films., These factors must be
investigated for each method to determine their origin, so that those
arising from externsl mechanical conditions can be kept constent and a
comparigon of foam stebilities made to depend as muchk as possible on
differences existing in the properties of .the foaming liquids.

 Amount of Foam, or Foaming Volume

It 1s epparent from table IT that the amount of foam produced is not
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related to the values obtained for foam stability. O0ils with excepticn-
ally great foam stabilitles produce, approximately, only the seme amount
of foam as ollg of average stability.

The amount of foem produced is a function of the method by which it
is formed. That ethylene-glycol sclutions produced no foem on beating,
although capeble of forming voluminous foam when air is bubbled through
them, shows in this extreme case that the conditions imposed by the me-
chanical method can cause profound variations in their effect. Yet it
is logical, on congideration of how & volume of foam is produced, that
the amount of foam, or foaming volume, should depend also on the stabil-
ity of the films at the time the foem is made. Why then do the experi-
mental results (table II) show no relation between foaming volume and
foam stabllity?

If the rate of f£ilm rupture, as measured by dG/dt, gets progres-
gively less during the lifetime of a static foam, as is often found to
be the case, then the measured velue of Lg Wwill not be related to the
initlal rate of £ilm rupture but to an averaged rate; for by equaticn
(2) the symbol m, designating dG/dt, remains under the integral un-
less it is constant with variation of time.

But the amount of foam formed, the foaming volume, does not depend
on an averaged rate of film rupture considered over the whole lifetime
of the foam; it depends only on the rate of film rupture which operates
during the formation of the foam, If that rate remsins constant thers-
after, as it does in those static foams from which the gas escapes lin-
early with time, then foaming volumes and foem stebilities will be found
to bave a simple proportionality. Other examples of fpems that maintain
a constant rate of film rupture are given by all dynamic foams at the
gtage of equilibrium, but equation (2) refers only to static foems; so
the seme argument does not apply in all its terms. Neverthelegs, by
virtue of the constant rate of f£ilm rupture during equilibrium of dynamic
foams, if the air flow and other mechanical conditions are kept congtant,
the foaming volume may be read to indicate dynamic foam stability, as
suggested by Bikerman (reference 6).

In wany static foeams, however, the rate of film rupture changes
merkedly as the foam ages. The rate may be slowed by the accumulstion
of gtabilizing material that falls on the remaining liquid fllms from
all the films that have collapsed above them. Diggolved substances, such
as soaps, seaponin, or albumens, that make very stable liquid films, char-
acteristically produce foams of this description. The amount of foem and
the foam stability here have no eimple proportional relstion (cf. table
II). Once the complete-decay curve of the foam has been determined ex-
rerimentally the existing relation can be obtained from the data, but it
could not have been predicted.
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The amount of foam formed depends on certain qualities of the liquid
(such as viscosity, density, and stability of freshly Fformed films) end
on the mechanical conditions of its production. For the liquids of table
II, the mechanical conditions of foem production werse ként constent and
'bne density and the viscositles wers also about the same, but the static
foam stebilities were vastly different. As the foa.ming volume was found
to be nearly congtant and unrelated to the ultimate stability of the fcem
formed, it may be' inferred that the initial rate of £ilm rupture, or the
stabi.t.i'by of a freshly formed film, is likewise independent of the sta-
bility that 1t will assume on aging and is essentially constant for all
the oilg whether or not foam atebilizing agents are present. Certain
other agents that are found capable of reducing the foa.ming volume do so
by affecting the stabil.uty of freshly formed films.

For more comple'be informa‘bion cn ‘the character of any foam, ‘both
the foam stebility end the foaming volums must be determinsd. Since the
value of the foaming volume varies with the method used to prcduce the
foam, it 1s desireble to duplicate or have conditions like those of the
Practical problem when specifying the laboratory test. A foaming agent
or an antifoaming agent can operate %o modify elther or both of the two
characteristics of the foam,-stebility and. amou.nt It is frequently
the case that agents most effective in reducing the amount of & foam to
a small residue, also stabilize  this residual foam. Other agents re-
duce or incresse the.foam stablility, wj.thout a.ltering the amount of fosm’
that is formed..

Stanford Uhiversity,
Stani‘ord. Uhlversi'ﬁy, Ca.lifornia., September 24 19)+5
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TABLE I.—.VAﬁlATIONS.IN SPECIFICATIONS OF BEATING METHOD

Description of treatment Foaming volume Comment
(percent air in foam)

Treatment as specified 1ln text 51.5 Control
Beaten at full speed (10) for 30

minutes, instead of 3 minutes 51.3 No difference
Foam measured immediately after

beating, instead of 15 seconds

after 51.1 No difference
Foam measured 60 seconds after

beating, instead of 15 seconds

after . 51.4 No difference
0il turnmed to foam by bubbling

for 24 hours before testing 51.7 Ne difference
Taking 76 grams of oil instead

of 88 grams k7.9 Lower value
Taking 144 grams of oil instead

of 88 grams 54,7 Higher value
Beaten at half speed (5) for 3

minutes instead of full speed

(10) 55.2 Higher value
Beaten at low speed (2) for 15

minutes, inetead of full speed

(10) for 3 minutes 54,6 Higher value
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TABLE IT.- COMPARISON OF FOAM STABILITY AND
FOLAMING VOLUME FOR A SERIES OF OILS
(Foams prodiced by the beating method at room temperature)
0i1 . Foem stability, Lg Foaming volume
(min) (percent air in fof;un)I
1 18.5 319 !
2 22.3 52.6
3 £7.3 49.7
i 31.2 28.7
5 5L.5 49.3
6 65.5 52.0
7 79.2 . 51.3
8 103.6 55.9
S 2056.0 50.6
10 4920.0 45.3

-
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